Factors affecting the decay of Salmonella Birkenhead and coliphage, as representatives of bacterial and viral pathogens, respectively, during mesophilic anaerobic digestion (MAD) and air drying treatment of anaerobically digested sewage sludge were investigated. Controlled concentrations of S. Birkenhead were inoculated into non-sterile, autoclaved, γ-irradiated and nutrient-supplemented sludge and cultures were incubated at 37 W C (MAD sludge treatment temperature) or 20 W C (summer air drying sludge treatment temperature). Nutrient limitation caused by microbial competition was the principal mechanism responsible for the decay of S. Birkenhead by MAD and during air drying of digested sludge. The effects of protease activity in sludge on MS2 coliphage decay in digested and air dried sludge were also investigated. MS2 coliphage showed a 3.0-3.5 log 10 reduction during incubation with sludge-protease extracts at 37 W C for 25 h. Proteases produced by indigenous microbes in sludge potentially increase coliphage inactivation and may therefore have a significant role in the decay of enteric viruses in sewage sludge. The results help to explain the loss of viability of enteric bacteria and viral pathogens with treatment process time and contribute to fundamental understanding of the various biotic inactivation mechanisms operating in sludge treatment processes at mesophilic and ambient temperatures.
INTRODUCTION
One of the principal aims of sewage sludge treatment is to protect public health by reducing the numbers of pathogenic and indicator microorganisms in sludge recycled to farmland as an agricultural fertiliser. Sewage sludge treatment processes, including, for instance, mesophilic anaerobic digestion (MAD), thermophilic aerobic digestion, lagooning, air drying and composting, are capable of significantly reducing pathogen and indicator numbers in treated sludge, although the relative extent of the removal is dependent upon the specific process employed (Watanabe et al. ; in Victoria, Australia, sludge treatment generally involves air drying and stockpiling of dried biosolids. In metropolitan areas of Australia, and other countries, MAD is also widely practised as a treatment process for sludge prior to the transfer to lagoons or drying beds.
Pathogen decay in sewage sludge treatment processes involving exposure to elevated temperature conditions in the thermophilic range, or higher, is readily defined by established time-temperature relationships (Strauch ) .
However, the mechanisms influencing pathogen decay in processes that operate at cooler mesophilic or ambient temperatures and environmental conditions, such as MAD and air drying processes, are poorly understood (Lang & Smith ) . Yeager & Ward () reported that several species of faecally associated bacteria (Escherichia coli, Klebsiella pneumoniae, Enterobacter spp., Proteus mirabilis, Salmonella Typhimurium and Streptococcus, now Enterococcus faecalis) were able to grow or survive for long periods when inoculated into sterile, raw sewage sludge. Further studies with S. Typhimurium showed that growth was inhibited in unsterilised sludge (containing indigenous flora). In a similar study, Hussong et al. () found that S. Typhimurium was capable of growing in composted sewage sludge irradiated to remove the indigenous flora, but the pathogen was suppressed in the presence of the indigenous microbial community in compost. Sidhu et al. () also concluded that the indigenous flora was important in controlling the growth of Salmonella spp. in composted sewage sludge following an inoculation experiment with S. Typhimurium introduced into stockpiles of composted, dewatered anaerobically digested biosolids. These studies used an inoculation approach to calculate the bacterial decay coefficients due to the low numbers of pathogens present in sludge from industrialised countries (Rouch et al. ) . For example, sludge sampled during the summer period from mesophilic anaerobic digesters and from air drying pans of various ages at the metropolitan wastewater treatment plants (WWTPs) operating in Melbourne, Australia contained maximum numbers of Salmonella spp. equivalent to 1.34 × 10 2 colony-forming unit (CFU)/g dry solids (DS) (Rouch et al. ) . () examined the effect of a pure protease, pronase and extracellular enzymes produced by Pseudomonas aeruginosa, on the inactivation of MS2 coliphage and a range of enteric viruses. They also determined the antiviral activity of soil saturated with secondary effluent from the activated sludge process. All of the protease sources tested showed antiviral activity; however, the activity depended on the virus type.
A better understanding of the inactivation factors influencing pathogenic bacteria and viruses in sewage sludge treatment processes will improve hazard analysis of critical control point measures aimed at ensuring the microbiological quality and safety of biosolids for agricultural application. Since different mechanisms of decay are likely to operate and influence the survival of bacteria and bacterial viruses in sewage sludge treatment processes operating at or below the mesophilic temperature range, the aims of this study were twofold. The first major aim was to investigate the effects and significance of (1) indigenous flora and (2) nutrient availability, in mesophilic anaerobically digested and air dried sewage sludge on the survival of bacterial pathogens in these sludge treatment processes. The second major aim was to examine the effects of microbial proteases present in sewage sludge on coliphage inactivation.
The four specific objectives were to: (i) examine the effects of indigenous flora and nutrient availability in sludge from mesophilic anaerobic digesters and from early, middle and late phases in air drying treatment of digested sewage sludge on the fate and survival of inoculated Salmonella Birkenhead; (ii) measure protease activity (PA) in sewage sludge at different stages of treatment, including directly after MAD, and in digested sludge sampled from early and late stages of air drying in pans; (iii) determine the effect of temperature and pH on sludge PA; and (iv) investigate the effects of sewage sludge (as a potential protease source) on MS2 coliphage inactivation.
MATERIALS AND METHODS

Bacterial isolates and coliphage
An environmental isolate of S. Birkenhead (isolated using standard methods from a calf with diarrhoea) was used in the bacterial investigations. Salmonella spp. are important causes of gastroenteritis worldwide (CDC ) and are used as representative enteric pathogens for monitoring the efficacy of sludge treatment processes for pathogen removal. The F-specific MS2 coliphage was selected as a common surrogate for enteric viruses (ISO ) to examine the effect of proteases on the loss of viral infectivity in sludge. Table 1 ). All samples were collected aseptically, transported to the laboratory on an ice pack and stored at 4 W C. The DS content was determined from the loss of weight on heating in a forced-air oven at 105 W C for 24 h (SCA ). The volatile solids (VS) content was determined by loss on ignition for 2 h at 500 W C using a muffle furnace.
Sample collection
Samples used in this study contained 2-14% of DS and 58-76% VS.
Sample preparation and inoculation
Controlled concentrations of S. Birkenhead, as a representative bacterial pathogen, were used to investigate the effects of indigenous microbial flora and nutrient availability on pathogens exposed to MAD and pan drying processes.
Sludge samples from Site E (see Table 1 After adjusting to a concentration of 10 7 CFU mL À1 , 500 μL of the culture was added to 50 mL of each sludge type; the final concentration of S. Birkenhead in each sludge sample was therefore equivalent to 10 5 CFU mL À1 .
An aliquot of the overnight culture was also diluted to 10 5 CFU mL À1 , as a positive control. The digested sludge samples (EMADc) were incubated at 37 W C for 24 h and air dried samples (EEPa, EMP and ELPa) were incubated at 20 W C for 24 and 48 h. The different temperature regimes were selected to simulate operational MAD and field ambient temperature conditions, respectively.
There were three replicate samples of each sludge type treatment and the temperature conditions were each evaluated twice.
Nutrient supplementation of digested sludge
Anaerobically digested sludge from Site T (TMAD) ( Table 1) was used in this experiment. Four experimental treatments were applied to quantify the effects of nutrient availability on the growth of S. Birkenhead in digested sludge; these included (1) sterilised sludge (20 mL) following the autoclaving procedure described above, (2) unsterile sludge (20 mL),
(3) nutrient supplementation of unsterile sludge and (4) NB control (6 mL of NB at ×10 the standard concentration (×10 NB) and 14 mL reverse osmosis (RO) water). Nutrient supplementation was performed by mixing 6 mL of ×10 NB with 14 mL of unsterile digested sludge; thus, the nutrient supplementation increased the availability of organic carbon in the amended sludge, but was calculated to maintain an overall concentration of organic carbon equivalent to sludge samples without NB addition. The prepared experimental samples were inoculated with S. Birkenhead to the target final concentration (10 5 CFU mL À1 ). Cultures were incubated at 37 W C for 24 h and S. Birkenhead was enumerated as described below. The experimental treatments were performed in triplicate and the experiment was repeated twice.
Enumeration of Salmonella Birkenhead
Unsterile, sterilised and nutrient-supplemented unsterile sludge samples were diluted 1:10 in maximum recovery diluent (MRD) (Oxoid Limited, Basingstoke, UK) in sterile Falcon tubes containing 1 g of sterile glass beads (diameter 4 mm). The tubes were placed on an orbital shaker at 200 rpm for 4 min. Following a series of 10-fold dilutions in MRD, viable counts of S. Birkenhead were determined by a membrane filtration technique (based on SCA ).
Portions of the diluted samples (1.0 mL) were filtered in triplicate using nitro-cellulose grid membranes (pore size 0.45 μm, diameter 47 mm) and a triple-head filtration system. Two types of filtration system (steel funnels: Sartorius AG Goeftingen, Germany, or disposable funnels: Merck Millipore, Victoria, Australia) were used for this procedure.
Phosphate buffered saline (20 mL) was applied to each membrane prior to filtration to ensure even distribution of bacteria. Prepared membranes were placed on Rappaport- adding 100 μL of sludge extract to 900 μL of MRD, followed by further 10-fold dilutions up to 10 À6 . Next, 1 mL of diluted sludge and 0.25 mL of the host culture were added to each tube of warmed ssTYGA. After lightly mixing, the agar containing MS2 coliphage was poured onto 90 mm TYGA plates, which were incubated at 37 W C for 16 h. Plaques were enumerated and the numbers of PFU mL À1 were calculated.
Statistical analysis
The The decay of MS2 followed first order kinetics and was modelled by the equation
where N ¼ number of MS2 phages at time t (PFU/g DS),
N 0 ¼ initial number of MS2 phages (PFU/g DS), k ¼ decay coefficient (Ln(PFU/g DS)/day) and t ¼ treatment time (h).
While Ln data were required for decay equations, log 10data were utilised for graphs, to calculate log reduction values, and as commonly used in water and wastewater reports. (Figures 1 and 2 ). Bacterial growth also increased in NB control treatments, compared to sterile and unsterile sludge, but in these cases the population was raised by 4 log 10 to approximately 10 9 CFU mL À1 in the absence of nutrient limitation or other growth inhibition (Figures 1 and 3) . In contrast to unsterile digested sludge (EMADc and TMAD) where no growth was observed, the addition of NB significantly increased the numbers of S. Birkenhead in autoclave sterilised sludge (TMAD; Figure 3) by approximately 2 log 10 (P < 0.005), and this response was comparable to the increase measured in the autoclaved, sterile condition (Figure 3) . Effect of pH and temperature on PA of sludge supernatants As would be expected, the results showed that PA in sludge extracts increased in warmer conditions (37 W C) compared with the cooler incubation temperature (20 W C) ( Figure 5 ).
RESULTS
In general, PA was also raised with increasing pH values up to pH 8, but declined in more alkaline conditions. The magnitude of the response to increasing pH value was also greater in the warmer temperature environment. In this experiment, using the series of sludge types collected from Site E, the greatest PA at all pH values tested was detected in the early air dried sample, EEPb, and the activities detected in fresh digested sludge (EMADb) and a late air dried sample (ELPb) were smaller.
Effect of sludge extracts on the viability of MS2
coliphage Numbers of MS2 coliphage were reduced by approximately 3 log 10 in filtered extracts of digested sludge (EMADb) and late air dried sludge (ELPb) after incubation at 37 W C for 25 h (Figure 6 ). By contrast, sludge samples from an early air drying pan (EEPb) showed approximately a 4 log 10 reduction of MS2 under the same conditions. Thus, the largest decay rate (À0.35) was measured in the early air dried sample (EEPb) and the smallest overall rate of decay (À0.26) of MS2 coliphage was obtained for recently digested sludge (EMADb) (Figure 7) . However, no statistically significant difference was detected in the decay coefficients determined for any of the different sludge samples tested.
DISCUSSION
Effect of indigenous flora and nutrients on the growth of S. Birkenhead in biosolids
The mechanisms influencing the decay of bacterial and viral pathogens in treatment processes, such as MAD and air drying, are poorly understood. In this study, we attempted to elucidate the significance and role of some identified mechanisms potentially responsible for reducing the viability of enteric bacterial and viral pathogens in these types of sludge treatments that support active microbial ecologies.
There are several possible explanations why the growth of S. Birkenhead was suppressed in unsterile digested sludge (incubated at 37 W C), or in air dried anaerobically digested sludge (incubated at 20 W C), compared to the same sludge types following sterilisation by autoclaving or γ-irradiation, where the population numbers increased by 2-3 log 10 CFU mL À1 (Figures 1-3) . One possibility is that the activities of the indigenous microbial flora in unsterile sludge suppressed the growth of the bacterial pathogen, to maintain numbers at a uniform level. We hypothesise that the situation is likely to be a dynamic one, in which growth and decay of the introduced microbial population occurred simultaneously and was controlled through microbial competition for essential nutrients. In addition, predatory activities of protozoa and other higher organisms, or inacti- 
CONCLUSIONS
The results presented in this paper suggest that the decay of 
